Abstract-In this paper, we consider full-duplex two-way relay cooperative networks, which allow the relaying of communications in both directions simultaneously and over the same frequency band. We propose a self-coded distributed space-time coding (SC-DSTC) scheme, in which the relay node performs a self-convolutional encoding and forms a distributed linear convolutional space-time code together with the direct link. The selfconvolutional code at the relay is realized by using the stronger part of residual loop interference. The encoding process is implemented for both directions simultaneously through the local loop channel by a single amplifying factor, which is optimized when the loop channel information is imperfect. The simulation results show that the proposed SC-DSTC scheme can achieve asynchronous full cooperative diversity and is robust to the loop channel state information error at the relay when it is dominant among the interference and noise.
cooperative protocol [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In this paper, we are interested in FD, two-way relay systems.
In the early stage when two-way relaying was proposed, four time slots were required for one two-way relaying transmission, i.e., two terminal nodes send their signals to the relay node one by one during the first two time slots, and the relay node retransmits the received signals to the terminal nodes during the last two time slots [20] , [21] . Through network coding, the relaying process can be realized within three time slots to improve the spectrum efficiency. That is, after the signals from terminals are received and decoded by the relay node in two different time slots, the relay performs binary network coding and broadcasts the coded signal back to terminals [22] [23] [24] [25] . To further improve the spectrum efficiency, amplify-and-forward (AF), two-way relay cooperative networks are proposed, where the relay node collects source signals by one multiple-access time slot and then amplifies and forwards the composite signal to terminals in the other broadcasting phase [26] [27] [28] .
Using FD, the two-way relaying can be realized in a single time slot [29] [30] [31] [32] [33] . However, loop interference is the main challenge in both FD point-to-point and relaying communications. Methods for canceling loop interference have been extensively studied. Duarte et al. have shown the feasibility of FD wireless communication after canceling the loop interference via the combination of antenna separation, analog cancellation, and digital cancellation [7] , [8] . Choi et al. have proposed an additional mechanism, antenna cancellation, to further reduce the effect of self-interference with two transmit antennas and one receive antenna [9] . They have also presented a signalinversion method using a balanced/unbalanced (Balun) transformer, which supports wideband and high-power systems. The signal-inversion technique alone can cancel at least 45 dB across a 40 MHz bandwidth. Furthermore, combining signal-inversion cancellation with digital domain cancellation can reduce selfinterference by up to 73 dB for a 10 MHz OFDM signal [10] . Valcarce et al. and Hua et al. have presented analog cancellation methods for wireless FD relay networks with SISO relays and MIMO relays, respectively [34] , [35] . These methods can realize approximately 50 dB loop interference cancellation across a 30 MHz bandwidth.
Although the loop interference can be suppressed by approximately 90 dB using the above loop interference cancellation techniques, the residual loop interference (RLI) is still a major concern that may degrade the performance of FD communication systems; thus, it is necessary to address the RLI in the digital domain further. The potential use of improper Gaussian signaling (IGS) in FD wireless communications has been investigated, showing that IGS offers good immunity against residual self interference (RSI) relative to the conventional proper Gaussian signaling (PGS) [36] , [37] . Nevertheless, this method is difficult to use in FD, two-way, AF relay networks since a decoding-and-forward (DF) protocol is required at the relay in this method. In [38] , an FD scheme based on Alamouti spacetime codes for two-way, AF relay networks is proposed, where both the direct link and the relay link are exploited to construct cooperative space-time codes. However, the proposed spacetime codes require perfect synchronization between the direct link and the relay link to achieve the largest diversity, which may not be easy to realize in distributed cooperative networks. In our previous work [39] , [40] , we utilized the self-coding property of RLI and proposed a different approach to handle the RLI for one-way cooperative networks, where not all RLI is canceled but rather some is utilized as the coding (spacetime coding) signal to achieve the asynchronous cooperative diversity. This concept is extended to two-way cooperative networks in this paperst 1 , where there are two new issues. The first issue is that the terminals also work in FD mode and their RLI cannot be omitted. The second issue is to design one optimized space-time code at the relay node for both transmission directions.
In this paper, we consider that the relay node and terminals are all FD modes and that the loop interference channel is not well estimated, for which the RLI in the received signal may not be completely removed at all the cooperation nodes. The new challenges in two-way relaying networks compared to one-way relaying as in [39] and [40] lie in the fact that all the nodes work in FD mode; consequently, the RLI at terminals, which has a different impact on the system performance as the RLI at the relay, should also be considered. This motivates us to design an optimal FD relay scheme for both directions.
We study the methods of performing distributed space-time coding (DSTC) to achieve full asynchronous cooperative diversity. We propose a distributed space-time coding scheme named SC-DSTC (self-coded distributed space-time coding), where the main idea is to perform convolutional encoding at the relay node and form a two-way distributed linear convolutional space-time code (DLC-STC) together with the direct links. The convolutional code at the relay is realized by using part of the RLI, which has the self-coding property and produces an automatic convolutional encoder. We also present a strategy for optimizing the single amplifying factor at the relay node to improve the two-way link performance. The main contributions of this paper are summarized as follows. 1) We propose a self-coding using RLI that forms a DSTC in FD, two-way relay networks. The main idea for self-coding is that since the self-interference cannot be completely canceled and the RLI convolves by itself over the air, a convolutional code can thus be formed and used at the relay. Accordingly, the RLI realizes the convolutional encoder itself and becomes part of the SC-DSTC. The simulation results show that the proposed SC-DSTC scheme can achieve full cooperative diversity without synchronization at the relay. 1 A shorter version of this paper has been published in Globecom 2015 as [41] . 2) We optimize the single amplifying factor at the relay node for cooperative communications in both directions. This factor not only performs the DSTC encoding but also realizes power control at the relay. Consequently, the proposed scheme is robust to the error in knowledge of the self-interference channel, as indicated by the simulation results.
The remainder of this paper is organized as follows. In Section II, the system model is introduced. In Section III, we present the design method of SC-DSTC and the optimization of the amplifying factor. In Section IV, we present some numerical results to evaluate the performance of the proposed scheme. Finally, Section V concludes the paper.
II. SYSTEM MODEL
In this paper, we consider the two-way relay network shown in Fig. 1 , in which there is one relay node between two equipotent terminal nodes that exchange signals with the aid of the relay node. Each of the nodes is equipped with one transmit antenna and one receive antenna. All the nodes are FD mode, that is, they transmit and receive signals simultaneously and over the same frequency band. The relay node does not decode the signal to be retransmitted but adopts the AF protocol. The system is assumed to be working over a narrowband channel, and for a wideband channel 2 , OFDM can be used and the model in Fig. 1 may be a subcarrier of an OFDM system. Each terminal node broadcasts its signal to the relay and the other terminal. The relay node receives signals from two terminals and then retransmits the mixed signal to terminals. Because all the signals are within the same frequency band, there is loop interference between the transmit antenna and receive antenna of each node, as shown in Fig. 1 . All the point-to-point wireless channels (between T1 and R, between R and T2, and between T1 and T2) are assumed to be flat Rayleigh fading channels with a Gaussian distribution of CN (0, 1). The loop interference here is the RLI after the strong part of the loop interference is removed by some existing interference suppression techniques; therefore, the local RLI channels are modeled as Rician channels 3 with a small K-factor [8] .
The signals sent from T1 and T2 are denoted as
and
, respectively, where N is the length of the signal blocks. The transmission delay for channel h ij , (i, j = 1, 2, or R) is denoted as τ ij , which is normalized as an integer by the information symbol period T s . For the fractional part of the delay less than one symbol period, it simply degrades the sampled values of signals and the received SNR. This effect is the same as the fading of channels; thus, we consider that the fractional delay can be absorbed in the channel fading [42] [43] [44] . The reason for this assumption will be explained in detail later.
Without loss of generality, for convenience, the delays of the loop channels τ 11 , τ 22 , and τ RR are assumed to be zero. With these assumptions, the received signal r R (i) and the transmitted signal t R (i) at the relay node are
where β is the amplifying factor at the relay node. The received signals at two terminal nodes can be written as
Here, point-to-point wireless channels, h ij , (i, j = 1, 2, or R), are assumed to be flat Rayleigh channels, and the RLI channels, h ii , (i = 1, 2, or R), are modeled as flat Rician channels [8] . w 1 (i), w 2 (i) and w R (i) are noises at the receivers of T1, T2, and the relay, respectively. w 1 (i) and w 2 (i) are assumed to have a Gaussian distribution of CN (0, σ 2 ), and w R (i) is assumed to have a Gaussian distribution of CN (0, σ 2 R ) [45] . All the channel state information is assumed to be known at two terminal nodes. However, the RLI channel information is considered to be imperfect, that is, there are errors in the RLI channel state knowledge. The RLI channel information with error is modeled as
where Δh ii represents the loop channel information error that is modeled as a complex Gaussian random variable. For two equipotent terminals, Δh 11 and Δh 22 have a distribution of CN (0, ξ 2 ) [46] . For the relay, Δh RR has a distribution of
Note that in this paper, we assume that the channel information from one node to another node is known accurately for convenience, and we only consider the loop channel information error since the loop channel gain is considerably stronger than that of a non-loop channel gain; thus, its error has considerably more impacts on the system.
There are two important issues in the above system. The first is the asynchronous nature of the system. The direct links in both directions may not arrive at destination terminals at the same time, for which the signal sent from the relay cannot be aligned to both of the direct links. The second issue is that it is difficult to decode any signal at the relay since signals from two terminals are mixed at the relay's receiver. Therefore, the AF protocol is proposed in this paper, as shown in (1).
Next, let us show the self-coding property of the RLI through a toy example, based on which the distributed space-time codes are designed. For convenience, we assume all the channel responses h ij = 1, (i, j = 1, 2, or R), all the time delays τ ij = 0, (i, j = 1, 2, or R), the amplifying factor β = 1, and the convolution length b = 3. The signals received and retransmitted by the relay are presented in Table I at the top of the next page. We can observe that the signal sent by the relay is composed of two signal streams from two terminals, which are convoluted by a common vector [1, 1, 1] . That is, the signal sent from the relay node is t R (i) = (x 1 (i) + x 2 (i)) * [1, 1, 1] . This is realized not by an outer convolutional encoder but rather by the RLI channel of the relay itself. Thus, we say that the RLI has the self-coding property, which can be utilized in DSTC construction.
III. CONSTRUCTION OF DISTRIBUTED SPACE-TIME CODING FOR FD, TWO-WAY RELAY NETWORKS
In this section, we will attempt to design distributed spacetime codes for this system model. The following main idea of the proposed self-coded distributed space-time coding (SC-DSTC) is to use part (the significant part) of the self-coding property of the RLI at the FD relay node.
A. Design of SC-DSTC Via Loop Interference Channel
To achieve full diversity in the two-way, FD relay networks, we may refer to existing schemes designed for one-way, HD relay networks. Among these schemes, we are interested in the DLC-STC scheme proposed in [43] . Although it was first designed under the decode-and-forward (DF) protocol for HD relay networks and achieves full asynchronous cooperative diversity where the synchronization between the links is not required, the generalization to the AF protocol is obvious, and the conclusion also holds [39] , [40] . For the completeness of this paper, we next briefly review the design approach for the DLC-STC proposed in [43] , [44] , which will be used in this paper.
Definition 1: A matrix is called a shift-full-rank (SFR) matrix if it remains full-rank irrespective of how its rows are shifted [42] .
In DLC-STC, assume that the correctly decoded signal to be retransmitted at the relay is r R = [r
, where l is the length of each data block. At the kth relay, it is linearly transformed into c k by convoluting a preassigned generator vector v k ∈ C 1×b as follows:
where b is the length of v k . Definition 1 describes a general case, which was also used in [42] , [43] . The model in this paper is simply a special case for two relays since there are two relays in our system model if the direct link can be regarded as a special relay link, for which we only consider the two relay case in the following. By (4), the involved relays form a space-time-code matrix C = [ Taking the delays between the links into consideration, the coded symbol frames are protected with a guard interval by zero padding. The zero padding length, denoted as τ max , is assumed to be no smaller than the maximum delay of two links. The coded signal with delays can be written as the following equivalent form:
where 0 n denotes a 1 × n all-zero vector. To achieve full asynchronous diversity, the equivalent code C Δ should have the full-rank property. However, the problem here is that the delay profile may occasionally vary because of the dynamics of the network topology, which is not known at the relay node. The key question is how to design the DLC-STC such that C Δ has the full-rank property for any delay profile. This question has been studied in [44] , [47] , which shows that if the generator matrix M = [
] formed by the generator vectors v k , (k = 1, 2) is an SFR matrix [44] , [47] , then the full asynchronous diversity can be guaranteed.
As shown in (4), the coding process at the relay is simply a convolutional encoding. The generator vector for each relay is predesigned in DLC-STC for HD relay networks, as shown in Fig. 2 . However, in the system model considered in this paper, we find that the RLI at the FD mode relay provides a feedback, and it convolutes the neighboring symbols by itself, as shown in Fig. 3 , which can also be observed from the example presented in Table I at the end of Section II. That is, the FD mode relay can perform self-coding automatically.
In Section II, we assumed that the transmission delay is an integer multiple of one symbol period and that the fractional part of the delay less than one symbol period can be adsorbed in the channel fading. The reason for this assumption is the property of the SC-DSTC that we will present. Similar to the DLCSTCs and space-time trellis codes for HD relay systems [42] , [43] , the neighboring samples, which are designed to be coded together, are not interference but rather useful signals. That is, the neighboring samples can help the destination decode source data and achieve diversity gain. Even with fractional delays, the studies in [42] have shown that these types of space-time codes can also work well and achieve full diversity in asynchronous cooperative networks.
Next, let us show what should be done to realize the SC-DSTC at the relay. The summed signal from two terminals is first estimated aŝ
Assume that the convolution length is b in the convolutional code at the relay. Based on (1), the signal to be sent at time slot b + τ 1R can be written as
Considering {x 1 (i) = 0, x 2 (i) = 0, w R (i) = 0, (i ≤ −1)} and assuming τ 1R ≤ τ 2R without loss of generality, we can rewrite (7) as
From (8) and (1), the received signal r R (b + τ 1R ) at time slot b + τ 1R at the relay can be obtained as
In (9), the first two terms on the right-hand side are the desired signals to be retransmitted to terminals, whereas the third and the forth terms are remaining loop interference to be removed and the noise at the relay, respectively. Fortunately, the third term in (9) can be written as
where
The first term on the right-hand side of (10) is easy to remove sincer R (τ 1R ) can be obtained by (6) . The second term L(τ 1R ) is caused by the error of RLI, and it cannot be removed from the received signal. However, considering that the power of normalized loop channel information error is small, i.e., |Δh RR | 1, this term is also small by controlling |h RR β| < 1. Consequently, in this paper, we treat the term L(τ 1R ) as noise.
After the interference term aboutr R (τ 1R ) is removed from the received signal at the relay, the retransmission signal at time slot b + τ 1R + 1 can be written as
If the above cancellation process is repeated continuously in terms of k in the time index b + τ 1R + k, a general expression can be obtained as
By allowing i = b + τ 1R + k, (13) can be simplified as
where L (·) denotes all the terms involving Δh RR .
As shown in (14) , the signal from T1, i.e., x 1 (i), is convoluted by the vector of v(j) = h 1R β(h RR β) j −1 , 1 ≤ j ≤ b at the relay. Together with the direct link from T1 to T2, the signals sent to T2 can be thought of as a DLC-STC generated by the following matrix:
Clearly, the matrix M in (15) is an SFR matrix as long as h 1R = 0, β = 0 andh RR = 0, which helps the above self-coded DLC-STC (SC-DSTC) achieve full asynchronous diversity as in one-way relay systems [39] , [40] .
Remark: Since the SC-DSTC is designed from a similar idea as DLC-STCs and from (15) , it is clear that the generation matrix is an SFR matrix, and the SC-DSTC can work in asynchronous cooperative networks.
At terminal T2, the local loop interference and the signal sent by itself, which is conveyed back by the relay node, will be removed first, and then the received signal becomes 
Since x 1 (i), x 2 (i) and w R (i) are independent, we obtain the power of interference I Δ h (i) as follows:
where a |βh RR |. In this paper, the signal to interference plus noise ratio (SINR) is used to measure the quality of the received signal, and the SINRs of both directional links will be optimized.
As shown in (16), the first two items are the desired signal at terminal T2, and the other items are the interference and noise. Thus, the SINR at terminal T2 can be expressed as
Similarly, for the reverse link, the SINR at terminal T1 can be expressed as
The optimal amplifying factor β * is designed to maximize the minimum SINR at the two receivers, that is,
B. Suboptimal Amplifying Factor β
As shown in (19) , (20) , and (21), obtaining a closed form of the optimal amplifying factor β * is difficult. In the following, we present a suboptimal solution to (21) .
Without loss of generality, we assume that the channel responses and delays in two directions of the same link are equal, i.e., h 1R = h R 1 , h 2R = h R 2 , h 12 = h 21 , τ 1R = τ R 1 , τ 2R = τ R 2 , and τ 12 = τ 21 .
Then, (19) and (20) can be simplified as follows:
Comparing (22) and (23), it is easy to see that
Without loss of generality, we assume that |h 1R | ≤ |h 2R | in the following description. By (24) , (21) becomes
For the optimal β in (25), we have the following theorem. Theorem 1: For the two-way, FD relay system with two equipotent terminals, where the loop interference power and the noise power at two terminals are equal and the channel responses and delays in two directions of the same link are equal, the suboptimal amplifying factor is
Proof: By (22), we obtain
Since a = |h RR β| < 1, we have
To maximize γ 2 , we only need to maximize the following term in (28) .
Considering a = |h RR β| < 1, we can simplify (29) by omitting the contribution of the terms of a p (p > 2) and obtain
Solving a * = arg min 0<a≤1 Ψ(a), we obtain
Finally, we obtain the amplifying factor 
IV. SIMULATION RESULTS
In this section, we present some simulation results to evaluate the proposed scheme. For all the simulations, we choose the length of each information symbol frame to be 30. The local loop interference channels are modeled as Rician flat-fading channels where the K-factor is 5. (Rayleigh channels are regarded as a special case where the K-factor is 0). Other point-to-point channels are set to be Rayleigh flat-fading channels. The transmission delays of the relay links τ 1R = τ R 1 and τ 2R = τ R 2 are independent and identically distributed (i.i. In the simulations, the power of the signal from the source node is normalized to be 1, for which we define the signalto-noise ratios at the relay node and the destination nodes as SN R R = 1 σ 2
R
and SN R T = 1 σ 2 , respectively. The power gain of all the relay channels and direct link channels is also normalized to be 1. Therefore, we denote the loop channel information quality at the relay node and terminal nodes as ρ R = We compare the proposed SC-DSTC with some existing schemes. One is based on the obvious idea that the relay utilizes the DLC-STC for HD relay networks after canceling the loop interference, which is denoted as the canceling loop interference channel distributed space-time coding (CLIC-DSTC). The other two are the simple delay diversity scheme (delay diversity) [48] that achieves diversity order 1 when the signals are not synchronous and the direct FD transmission scheme without relay- ing (no relay). The performances of these schemes are evaluated when MMSE-decision feedback equalizer (DFE) receivers are used. The Alamouti-based FD, two-way relay scheme (Alamouti) with perfect synchronization and an ML receiver is also included for comparison [38] .
In Figs. 4 and 5, we first investigate the accuracy of the suboptimal amplifying factor. In this simulation, the amplifying factor β is first obtained through a computer greedy search, and then the theoretical result obtained by (26) is compared with the searched optimal one. The mean square error (MSE) between the simulated and theoretical results is used to measure the accuracy. Fig. 4 shows the MSE when the loop channel information at the terminals is perfect, and Fig. 5 shows the MSE when terminal loop channel information quality ρ T is equal to ρ R . Both are evaluated in Rician channels and Rayleigh channels. We can see that the MSE is small, particularly when the loop channel information error at the relay node is the dominating part in the interference and noise. This result indicates that the suboptimal amplifying factor is very close to the optimal one. Fig. 6 shows the BER performance versus the relay loop channel information quality ρ R when SN R R = SN R T = 30 dB and the loop interference channel information at both terminals T1 and T2 is perfect but the loop channel information at the relay is not perfect. In this case, SC-DSTC is the best when the relay loop channel information quality is not good (below 15 dB), i.e., it is robust to the loop channel information error at the relay in this case. The Alamouti scheme also shows a certain level of robustness to the loop channel information error. When the loop channel information quality is good enough (above 20 dB), CLIC-DSTC is the best. The SC-DSTC, CLIC-DSTC and Alamouti schemes outperform the delay diversity and no relay schemes.
When SN R R = SN R T = 30 dB, the BER performance versus the relay loop channel information quality ρ R is as shown in Figs. 7 and 8 , where ρ T = 30 dB and ρ T = 10 dB, respectively. As shown in these figures, ρ T has an obvious effect on all the schemes, among which the effect on the SC-DSTC and Alamouti schemes is more obvious. As ρ T decreases, their robustness to the loop channel information error at the relay decreases. Fig. 9 shows the BER performance versus the relay loop channel information quality ρ R when ρ T = ρ R and SN R R = SN R T = 30 dB. In this case, the SC-DSTC, delay diversity and no relay schemes are better than the other two schemes when the loop channel information quality is not good (below 10 dB). Furthermore, SC-DSTC loses its robustness, and the performances of the CLIC-DSTC and Alamouti schemes are better than that of SC-DSTC when the loop channel information quality is good (above 25 dB). The reason is that the loop channel state information error at the relay is no longer dominant among the interference and noise in this case. The robustness to the loop channel state information error at the relay does not guarantee that SC-DSTC achieves an obvious performance improvement. However, the performance gap between these schemes is not very large, and their performance is better than that of the delay diversity and no relay schemes when the loop channel information quality is good enough (above 25 dB). Fig. 10 shows the BER performance versus the SNR at the relay and the terminals when ρ T = 30 dB and ρ R = 10 dB. As shown, the proposed SC-DSTC is the best in this case. Moreover, delay diversity and CLIC-DSTC are worse than no relay. The reason is that these two schemes are proposed for HD relaying networks; thus, their performance is not good in the case where the RLI dominates.
As indicated by the above simulation results, the loop channel information error at the relay is dominant among all the interference and noise, and the proposed SC-DSTC scheme outperforms the other schemes and is robust to the loop channel information error at the relay. One reason for this result is that the main part of loop interference is used for space-time coding, which helps to alleviate the interference at the relay. This can also be testified by the Alamouti scheme, which is also a space-time code for the relay and shows a certain level of robustness. The other reason is that the amplifying factor is optimized in SC-DSTC, by which the relay controls its transmit power. When the loop channel information quality is not good, the relay will transmit at a smaller power to further mitigate the interference at terminals. In practice, the condition that the loop channel information error at the relay is considerably larger than that at terminals is easy to be satisfied. This is because directional antennas or beamforming techniques can be adopted at terminals to alleviate loop interference, whereas these techniques are difficult to be used at the relay since it needs to broadcast signals in both directions.
To investigate the achievable cooperative diversity of the proposed scheme when the SNR is high, we perform a simulation when the loop channel information error power is considerably smaller than the noise power. The result is shown in Fig. 11 . Because the loop channel information error is small, CLIC-DSTC exhibits the best performance and can achieve the full diversity gain of 2 (this is reasonable since the signal model is similar to that of HD duplex systems if the loop channel information error is small enough), whereas the delay diversity and no re- lay schemes cannot. Comparing the slope of SC-DSTC with those of the CLIC-DSTC, Alamouti, delay diversity and no relay schemes, it is easy to see that as with the CLIC-DSTC and Alamouti schemes, the proposed SC-DSTC can achieve the full diversity gain of 2.
V. CONCLUSION
The FD mode can improve the spectrum efficiency of a two-way relay transmission inherently by finishing the relaying transmission within one time slot. However, the RLI is the most difficult issue for the application of FD communications. In this paper, we have investigated the design of DSTC for two-way, FD relay networks. Since synchronization is another issue of these types of networks in addition to RLI, we have presented an asynchronous and self-coded space-time coding scheme (SC-DSTC) that performs convolutional encoding at the FD relay node by using the main part of the RLI. We have optimized the amplifying factor when the loop channel information is imperfect. Through simulations, we have shown that SC-DSTC can achieve asynchronous full cooperative diversity and is robust to the loop channel information error at the relay node when it is dominant among both the interference and noise.
